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We split the two-Higgs-doublet model by assuming very 
different vevs for the two doublets: the vev is at weak scale 
(174 GeV) for the doublet ®; and at neutrino-mass scale 
(107? e 107? eV) for the doublet $5. ® is responsible for 
giving masses to all fermions except neutrinos; while ®2 is re- 
sponsible for giving neutrino masses through its tiny vev with- 
out introducing see-saw mechanism. Among the predicted 
five physical scalars H, h, A9 and H*, the CP-even scalar h 
is as light as 107? ~ 107? eV while others are at weak scale. 
We identify h as the cosmic dark energy field and the other 
CP-even scalar H as the Standard Model Higgs boson; while 
the CP-odd A? and the charged H^ are the exotic scalars 
to be discovered at future colliders. Also we demonstrate a 
possible dynamical origin for the doublet $5 from neutrino 
condensation caused by some unknown dynamics. 
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Introduction: The two-Higgs-doublet model (2HDM) 
[1] is the most naive extension of the Standard Model 
(SM). However, such an extension seems to bring more 
heat than light: it plainly introduces several more scalar 
particles without solving any problems in the SM. In this 
work we reform this model in order to explain the tiny 
neutrino masses without see-saw mechanism and provide 
a candidate field for cosmic dark energy. For this purpose 
we split this model by assuming very different vevs for 
the two doublets: the vev is at weak scale (174 GeV) for 
the doublet ©; and at neutrino-mass scale (107? ~ 107? 
eV) for the doublet 95. We assume that 9 is responsible 
for giving masses to all fermions except neutrinos; while 
®» is responsible for giving neutrino masses through its 
tiny vev without introducing see-saw mechanism. Among 
the predicted five physical scalars H, h, A? and H*, the 
CP-even scalar h is as light as 107? ~ 10^? eV (in the 
following we assume 10^? eV for example) while others 
are at weak scale. We identify h as the cosmic dark 
energy field and the other CP-even H as the SM Higgs 
boson; while the CP-odd A? and the charged H are the 
exotic scalars to be discovered at future colliders. 

Our motivations for splitting the 2HDM are then quite 
clear: 


e By identifying h as the cosmic dark energy field, 
we try to give an explanation for dark energy (al- 
though we know we may be quite far from the true 


story). As is well known, the dark energy seems 
to be a great mystery in today's physics and cos- 
mology. The precise cosmological measurements, 
such as the Wilkinson Microwave Anisotropy Probe 
(WMAP) measurements [2], indicate that the ma- 
jor content of today's universe is the weird dark 
energy. So far we lack the understanding about the 
nature of dark energy, although some phenomeno- 
logical approaches have been proposed [3]. 


e By giving neutrino masses through the tiny vev of 
®2, we try to ‘understand’ the tiny neutrino masses 
without introducing see-saw mechanism (although 
we know the see-saw mechanism is quite elegant). 
It is also well known that among the elementary 
particles the neutrinos are quite special species due 
to their extremely small masses. Without see-saw 
mechanism, the Yukawa couplings of neutrinos with 
the SM Higgs doublet are extremely small, which 
is hard to understand. We may speculate that the 
origin of neutrino masses are different from other 
fermions, i.e., the neutrino masses are not from the 
Yukawa couplings of the SM Higgs doublet (there 
might be some symmetry to forbid the neutrino 
couplings with the SM Higgs doublet), and, in- 
stead, they are from the Yukawa couplings of a new 
scalar doublet which has a tiny vev. 


e We try to relate neutrino mass generation with dark 
energy puzzle. The neutrino mass scale is seem- 
ingly near or coincident with the cosmic dark en- 
ergy scale (the dark energy density is ~ (10-?eV)* 
and thus the dark energy scale is ~ 10 ?eV). 
Such an seeming coincidence has already stimu- 
lated some speculations on the possible relation be- 
tween neutrino and dark energy [4]. 


While the dynamical origin of the scalar doublet o, 
with a vev at weak scale may be something like tech- 
nicolor, we propose that the scalar doublet $5 with a 
tiny vev at the neutrino-mass scale may be from neutrino 
condensation. Similar to the idea of top-quark conden- 
sation [5], we assume that a four-fermion interaction for 
the third-family neutrino is induced at some high energy 
scale (say TeV) from some unknown new dynamics (like 
top color [6]) which is strong enough to cause neutrino 


condensation !. 
Split two-Higgs-doublet model: 
scalar doublets ®; and ®2 as 


We introduce two 


HB oy 
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We split the two vevs as 
vı ~ 174 GeV, v~ 107% eV. (3) 


By assumption, ®; is responsible for giving masses to 
all fermions except neutrinos; while ®2 is responsible for 
giving neutrino masses through its tiny vev. Of course, 
both of them contribute to W boson mass: 


miy = g^ (vi + v3)/2  g^vi /2. (4) 


We assume CP conservation and discrete symmetry 
®, — —40, for the potential of the scalars. Then the 
general potential takes the form [1] 


V($, $5) = A (lb, = v2)? + Ao (9) 5 = v2)? 
2 
+As [eo]; — vf) + (haz — 09)| 
£A [(91:) (9193) — (®[2)(6}6,)| 
t 2 
am [Im(5]6;)] (5) 


where A; are non-negative real parameters. Note that 
since we assumed the exact discrete symmetry ®; — 
—®,, we dropped the term 


2 
As [Re (0! 6.) — VU v2], (6) 


which softly breaks such a discrete symmetry. 

It should be pointed out that since the two vevs of the 
potential in eq.(5) are splitted by many orders, in order 
to make it stable under radiative corrections we either 
need an extreme fine tuning as that occuring in GUTs or 
introduce some fancy symmerty to stablize it. 

After the diagonalization of the mass-square matrices 
in Eq.(5), we obtain eight mass eigenstates: H, h, H^, 
G*, A? and G?, among which H is identified as the SM 
physical Higgs boson, and G^ and G? are massless Gold- 
stone boson eaten by W and Z gauge bosons. 

The two charged scalars H^ and G* are obtained by 


‘Note that in the literature the neutrino condensation was 
once proposed as a dynamical electroweak symmetry break- 
ing mechanism [7], which can generate tiny neutrino mass by 
incorporating the see-saw mechanism. 


G* = $t cos B + P7 sin B z OF, (7) 
H* = —6# sin B + Of cos e OF, (8) 


while the two CP-odd neutral scalars A? and G? are ob- 
tained by 


G? = V2(Im®? cos 8 + ImG$ sin 3) ~ V2Im9, (9) 
A? = V/2(—Im$? sin 8 + Im$9 cos 6) ~ v21m9, (10) 
where the mixing angle 8 is very small since tang = 


U3/01 . 
The masses of H* and A? are given by 


m3, = M (v? + v2) z Avi, (11) 


myo = Ag(v? + v2) ~ Agv?. (12) 


So, both my+ and myo should be at weak scale given 
that A; ~ O(1). 
The two CP-even scalars H and h are obtained by 


H = V2[(Re 9? — vı) cosa + (Re ©} — v2) sina] 


(Re 80 — v1), (13) 
h = v2 [- (Re 99 — vi) sina + (Re $9 — v2) cosa] 
ws Vi(Re 89 — 5). (14) 


Here the mixing angle o is also very small since 


2M1ı2 


tan(2a) = Mes — ME 


d U3/t1, (15) 


where M,; are elements of the mass-square matrix 


B AQ + A3)v? 4301 V2 

M E ( 4AÀ3U1U9 A(r2 + Aa)v2 : (16) 

The masses of H and h are given by 
m3, y Mi = AQ + Aa)v?, (17) 
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Therefore, among the five physical scalars, the masses 
of H+, A? and H are at the weak scale since they are 
proportional to vı = 174 GeV, while the mass of h is at 
the neutrino mass scale since it is proportional to vg ~ 
107? eV. The two mixing angles a and f are very small 
since they are proportional to v2/v1. 

Due to the negligibly small mixing angles a and £, the 
properties of these scalars are approximately like this: 


(i) For H: All its couplings are the same as in the SM. 


(ii) For H+: They have Yukawa couplings only to £r v5, 
(€ — e, u, T), but the coupling strength is at a nat- 
ural order, say O(1). Their gauge couplings like 
H*H- * and H* H~Z are the same as in the usual 
2HDM. 


ni) For : It has Yukawa couplings only to neutrino 

iii) For A®°: It has Yuk: ling: l i 
pairs. It has gauge couplings like ZhA° as in the 
usual 2HDM. 


(iv) For h: It has Yukawa couplings only to neutrino 
pairs. Its gauge couplings to W^W- and ZZ are 
very weak (proportional to v2). 


Therefore, the experimental constraints on these scalars 
are: 


(1) For H: all direct and indirect experimental con- 
straints are the same as for the SM Higgs boson. 


(2) For H* and A®: the experimental constraints are 
similar as in the usual 2HDM except for the in- 
valid constraints from various B-decays (such as 
b — sy). For example, from the unobservation of 
e*e- — H*H- at LEP II, H^ should be heav- 
ier than about 100 GeV and thus A4 in Eq. (11) 
cannot be too small. 


(3) For the ultra-light h: stringent constraints both 
from particle physics and from astrophysics are de- 
rived from its interactions with either photons, elec- 
trons or nucleons [8]. For example, stringent con- 
straints may come from positronium decays, meson 
decays, quarkonium decays or nuclear transitions. 
In our model, fortunately, these constraints can be 
avoided or become quite weak since the coupling 
of h with photons, electrons or nucleons are sup- 
pressed by v2/v1 ~ 10-4 at tree-level. The most 
dangerous constraints may come from the invisible 
Z decays. For example, from the three-body decay 
Z — h(A°)* — hvv, some lower mass bound (say 
TeV) may be set on A9. 


Note that the light scalar h has a Yukawa coupling 
of order one to neutrinos (left and right handed). 
Thus, in addition to left-handed neutrinos, the 
right-handed neutrinos and the scalar h also ap- 
pear in the thermal equilibrium in the early uni- 
verse. This means that the effective total number 
of neutrino species (N,) is about 6.5 instead of the 
standard number of 3. We should check if this is al- 
lowed by cosmology and astrophysics (right-handed 
neutrinos are subject to no constraints from parti- 
cle physics experiments such as LEP experiments 
since they are gauge singlet and have no gauge cou- 
plings). Firstly, we note that stringent constraint 
on N, has been derived from the standard BBN 
[9]. However, as discussed in [10], such BBN con- 
tstraint can be relaxed since it is obtained under 
the assumption that the chemical potential for the 
background neutrinos is negligible. The relaxed 2c 
bound from the combined analysis of BBN, CMB 
and supernova data is N, < 7 [10]. Secondly, 


we should seriously and specially consider the con- 
straints from SN1987A since the additional neu- 
trino species can speed up the cooling-down of its 
core. It is well known that there exist some un- 
certainty for the estimation of the total binding 
energy as well as the effective temperature of the 
supernova. As analysed in [11], the constraint is 
N, < 6.7 (the Eq.8 in [11]). 


It should also be noted that since the light scalar 
h can couple to ordinary matter through the mix- 
ing with the SM Higgs boson H (suppressed by 
v/v, ~ 10714) or radiatively through loops in- 
volving left- and right-handed neutrinos plus weak 
gauge bosons (also suppressed by vo/vi because 
right-handed neutrinos do not have any gauge in- 
teractions and a neutrino mass insertion is needed 
in order to couple to gauge bosons), it is necessary 
to check whether the gravitational equivalence prin- 
ciple is still respected in our case. As analysed in 
[12], it will be consistent with tests of the gravita- 
tional inverse square law as well as the equivalence 
principle as long as the scalar is not too light or 
its Yukawa couplings to ordinary matter are suf- 
ficiently weak. Following the analysis in [12], we 
checked that our case is marginally in the region 
allowed by the gravitational inverse square law and 
the equivalence principle. 


Neutrino Condensation: | Now we try to provide an 
explanation for the generation of ®2 by neutrino conden- 
sation. We assume that the third-family leptons have an 
effective four-fermion interaction, which may be gener- 
ated at some high energy scale A above TeV from some 
unknown new dynamics. The underlying new dynamics, 
which is not specified here, might be some non-abelian 
gauge interaction spontaneously broken at some higher 
scale. So such new dynamics causes negligible effects to 
the electroweak physics of the third-family leptons. 

The four-fermion effective interaction for the third- 
family leptons takes the form at the energy scale A 


G (Wir) (vn Vr), (19) 


where G is the coupling constant, running with the en- 
ergy scale. Wr, is the doublet of the left-handed third- 
family lepton fields and vg is the right-handed tau- 
neutrino. When GA? > 1, the tau-neutrinos condensate 
and the condensation effects can be incorporated by in- 
troducing an auxiliary scalar field 5 into the Lagrangian 


-M vā edn " he. - Màáió, (20) 


where Mo is an unspecified bare mass parameter and 
a = i205. Be and $5 take the form 


~~ VG T(L+ ws) \ _ AG £25) 
zo a) ax TRUE) Qu) 


® = 
2 Ms 


- VG 

$, = —— (rgWVr). 22 
2 M; (Vn VL) (22) 

As the energy scale runs down, such an auxiliary field $5 

gets gauge invariant kinematic terms as well as quartic 

interactions through quantum effects: 


-MVG (Visus n h.c.) + Ze, | D, 82? 


-M2 91; — ro Co (23) 
where 
LE E In (=) (24) 
m, = MG - EEE A ye) (25) 
ps shee fa (4) | (26) 


Here Nc is the ’color’ number of tau-neutrino in the un- 
specified new dynamics. Redefining 4/ Zo, 92 as ®2 and 
9t = MVG/\/Ze,, m? = M,/Zo,, = Ao/Zà,, we 
obtain the Lagrangian 


— t (Urb. + hc.) + |D, $3]? 
2 
-m? (iaz) = A(219;) (27) 


For u « A, we have m? < 0 when G > Gerit = 
8z?/(N.A?), which leads to spontaneous breaking of 
electroweak symmetry with @2 developing a vev vg = 
V —m?/24. 
The masses of tau-neutrino is given by 
2 2,2 1677vj 

M, = 94 V2 = Ne In(A2/m2)’ (28) 
which is consistent with m, ~ ve ~ 1073 eV for A ~ 
TeV. 

Collider and Cosmological Consequences: First, we 
briefly discuss the phenomenology at the colliders, LHC 
(CERN Large Hadron Collider) and ILC (International 
Linear Collider). Since the phenomenology of H is ap- 
proximately the same as the SM Higgs boson, we focus 
on the phenomenology of H*, A? and h. 


(1) Since h is as light as neutrino and couples with 
neutrinos, its dominant decay mode is h — vv. 
'Thus it just escapes detection at colliders although 
it can be produced through e*e^ — Z* — hA? at 
the ILC. 


(2) At the ILC A? can be produced through e*e^ — 
Z* — hA? followed by the decay A? — Zh, lead- 
ing to the signature of two lepton or two jets plus 
missing energy. 


(3) At the ILC H= can be pair produced not only 
through the usual s-channel process e*e^ — Z*, 
y* — H*H- but also through the t-channel pro- 
cess via exchanging a vg. Due to such an additional 
t-channel process, the production rate will be dif- 
ferent from the usual 2HDM prediction. The decay 
modes H^ — frvg (l = e,u) will give good signa- 
tures. Since H* almost do not couple to quarks, 
they cannot be produced at LHC collider through 
the subprocess like gb —^ tH. 


Now we turn to the cosmological consequences. Since 
the CP-even physical scalar h is an ultra-light scalar par- 
ticle, at the order of 107? eV, we may interpret this scalar 
field as the dark energy field. Since the corresponding 
vev və is at the order of 107? eV, the magnitude of the 
vacuum energy (dark energy) should be naturally around 
the order of (107° eV)‘. This means that in fact we as- 
sume something that sends to zero the potential energy 
related to the usual Weinberg-Salam Higgs doublet while 
leaving the potential energy related to the light scalar h 
unbalanced. 

Since h may decay into vv, we wonder if it is still 
present in today’s universe as a viable dark energy field. 
As is well known, there is now a neutrino microwave back- 
ground at 1.9 K which corresponds to ~ 1074 eV. The 
scalar h and the neutrinos can reach thermal equilibrium 
if the mass difference between h its decay products vr is 
at the same order as the neutrino background tempera- 
ture. Assuming the contribution of chemical potential is 
at the order of unity, the ratio for n; and n, in equilib- 
rium is proportional to erp( —AQ/T), where AQ is the 
released energy in the decay process. 

Note that just like some authors in [4], we may as- 
sume the dark fluid to be the sum of the scalar potential 
of h and the energy density in neutrino masses. In this 
case, since the scalar potential evolves with energy scale 
(time), the minimum of the resulting potential would 
evolve in time and also one could have mass varying neu- 
trinos. 


[1] For a review, see, e.g., J. F. Gunion, H. E. Haber, G. 
Kane, S. Dawson, 'The Higgs Hunter's Guide’, Addison- 
Wesley Publishing Company, 1990. 

[2] WMAP Collaboration, Astrophys. J. Suppl 148, 1 
(2003); 148, 175 (2003). 

[3] B. Ratra and P. J. E. Peebles, Phys. Rev. D 37, 3406 
(1988); C. Wetterich, Nucl. Phys. B302, 668 (1988); I. 
Zlatev, L. Wang and P. J. Steinhardt, Phys. Rev. Lett. 
82, 896 (1999); P. J. Steinhardt, L. Wang and I. Zlatev, 
Phys. Rev. D 59, 123504 (1999). 

[4] P. Q. Hung, hep-ph/0010126; P.H. Gu, X.L. Wang, X. 
Zhang, Phys. Rev. D 68, 087301 (2003); R. Fardon, A. 


E. Nelson, N. Weiner, JCAP 0410, 005 (2004); hep- 
ph/0507235; D. B. Kaplan, A. E. Nelson, N. Weiner, 
Phys. Rev. Lett. 93, 091801 (2004); R. D. Peccei, Phys. 
Rev. D 71, 023527 (2005); X.-J. Bi, P. Gu, X. Wang, 
X. Zhang, Phys. Rev. D 69, 113007 (2004); P. Q. Hung, 
H. Pas, Mod. Phys. Lett. A20, 1209 (2005); X.-J. Bi, B. 
Feng, H. Li, X. Zhang, hep-ph/0412002; N. Afshordi, M. 
Zaldarriaga, K. Kohri, Phys. Rev. D 72, 065024 (2005). 
V.A.Miransky, M. Tanabashi, K. Yamawaki, Phys. Lett. 
B 221, 177 (1989); Mod. Phys. Lett. A4, 1043 (1989): 
W. A. Bardeen, C. T. Hill, M. Lindner, Phys. Rev. D 
41, 1647 (1990); G. Cvetic, Rev. Mod. Phys. 71, 513 
(1999) 

See, e.g., C. T. Hill, Phys. Lett. B 266, 419 (1991). 

S. Antusch, J. Kersten, M. Lindner, M. Ratz, Nucl. Phys. 
B658, 203 (2003). 

Particle Data Group, Phys. Lett. B 592, 1 (2004). 

S. Esposito, G. Mangano, A. Melchiorri, G. Miele, O. 
Pisanti, Phys. Rev. D 63, 043004 (2001). 

S. H. Hansen, G. Mangano, A. Melchiorri, G. Miele, O. 
Pisanti, Phys. Rev. D 65, 023511 (2002). 

J. Ellis and K. A. Olive, Phys. Lett. B 193, 525 (1987). 
E.G. Adelberger, B.R. Heckel, A.E. Nelson, Ann. Rev. 
Nucl. Part. Sci. 53, 77 (2003); Y. Su, et al., Phys. Rev. 
D 50, 3614 (1994); G. L. Smith, et al., Phys. Rev. D 61, 
022001 (2000). 


